plasts could be reoxidized. It was biochemically distinct by virtue of the fact that the electron flow from NADPH would not involve the intersystem carriers per se but would involve a more direct interaction between Fd and various potential electron acceptors (i,e, 02, NO^-, H+). H~~~ other work with higher plants has shown that at least in vitro NADpH can act in the dark as an electron donor to the plastoquinone et from and that the SOUrCe Of the reductant may be a quinone species. In addition, the recent report by Garab et al. (19891, based on measurements of Chl fluorescence and the electrochromic shift (A515), and the work of Singh et al. (1992) have provided more definitive evidente for an alga1 type chlororespiration in higher plants.
plasts could be reoxidized. It was biochemically distinct by virtue of the fact that the electron flow from NADPH would not involve the intersystem carriers per se but would involve a more direct interaction between Fd and various potential electron acceptors (i,e, 02, NO^-, H+) . H~~~ other work with higher plants has shown that at least in vitro NADpH can act in the dark as an electron donor to the plastoquinone et from and that the SOUrCe Of the reductant may be a quinone species. In addition, the recent report by Garab et al. (19891, based on measurements of Chl fluorescence and the electrochromic shift (A515), and the work of Singh et al. (1992) have provided more definitive evidente for an alga1 type chlororespiration in higher plants.
We present evidence here based primarily on Chl fluorescence yield that under anaerobic conditions spinach leaf discs can reduce the plastoquinone pool in the dark. We also show that the reduced plastoquinone pool can be reoxidized by 0 2 . This further supports the idea that a chlororespiratory pathhigher plants, When spinach (Spinacia oleracea) leaf discs were incubated in a dark anaerobic environment, the chlorophyll fluorescence yield was much increased relative to the aerobic control. Occasionally, the fluorescence yield of the darkened anaerobic samples approached 80% of the maximum fluorescence. l h e anaerobic incubation period also induced in a leaf disc the capacity to exhibit a low light-mediated chlorophyll fluorescence induction phenomfollowed by a slow quenching. This could be induced by light levels as low as 400 pw l h e anaerobic-dependent increase in chlorophyll fhorescence yield could be relaxed by either far-red light, O*, or a saturating pulse of white light. It was concluded that the anaerobic-dependent increase in chlorophyll fluorescence yield was due to a dark reduction of the plastoquinone pool and its relaxation by reoxidation. Darkened isolated chloroplasts did not exhibit a fluorescence yield increase under anaerobic conditions. Fluorescence slowly increased only when dithiothreitol or dithionite was added.
enon. This involved a rapid and slow increase in fluorescente yield, Pool et 1979) ' It has been suggested (Bradbury 1985) that O2 can accept
The term chlororespiration was first used by Bennoun way, similar to that thought to exist in algae, is present in (1982) to describe an electron transport pathway that appeared to be active in the dark in the thylakoid membranes of green algae. Evidence was presented that the plastoquinone pool was an intermediate in this putative pathway and that molecular O2 could act as an electron acceptor. It was suggested that the source of the reductant was reduced pyridine nucleotide generated via starch metabolism. Work conducted before that of Bennoun had also demonstrated that the plastoquinone pool of some algae could be reduced in the dark, especially under anaerobic conditions, and that the redox state of the pool was subject to regulation by O2 (Diner and Mauzerall, 1973; Diner, 1974; Schreiber and Vidaver, 1974) . In fact, the initial suggestion that a type of respiration might occur in alga1 chloroplasts was by Goedheer (1963) , who used the term chloroplast respiratory system to describe a putative electron flow through an intersystem carrier (Cyt) to 02.
Chlororespiration has generally been considered to be present only in the algae. Presumably to reinforce this distinction, Kow et al. (1982) used the term chloroplast respiration to describe what was thought to be a physiologically similar but biochemically distinct pathway in spinach (Spinacia oleracea).
This pathway was physiologically similar in that NADPH generated by Glc-6-P oxidation in darkened spinach chloro-
MATERIALS A N D M E T H O D S
Spinach (Spinacia oleracea) was grown in a greenhouse with additional light in a 10-h light/l4-h dark period. Fluorescence was monitored by a Chl fluorometer (Walz, Effeltrich, Germany) as described by Schreiber et al. (1986) . The chamber utilized for incubations was a modified leaf disc oxygen electrode (Delieu and Walker, 1983) . The top of the electrode was replaced by a piece of glass that was made gas tight to the lower compartment with a ring of Terostat IX (Terosan GmbH, Heidelberg, Germany). A given leaf disc or section was appressed to the lower glass surface and held in place by a piece of nylon mesh. This created a highly reproducible and optically optimized condition. The gas of choice was bubbled through water before passing through the chamber. PSI light was generated by filtering (RG 715; Schott, Mainz, Germany) white light as it exited the fiber optic light guide. For all experiments the spinach leaf tissue was dark adapted for a minimum of 1 h before its enclosure in the chamber. Such tissue pieces, when maintained under dark aerobic conditions, maintained a constant F, during the exAbbreviations: F, , maximum fluorescence yield; F,, fluorescence yield when the primary quinone acceptor for PSII is totally oxidized.
Plant Physiol. Vol. 101, 1993 perimental time periods. Treatment with PSI light did not further lower the F, of the dark-adapted tissue or change the F , .
Intact chloroplasts were isolated from spinach leaves in a procedure similar to that described by Jensen and Bassham (1966) . Chloroplast suspensions (Chl concentration 150 pg mL-') were made anaerobic by Glc/Glc oxidase/catalase. This was confirmed by the use of an O2 electrode. Chl fluorescence of the darkened suspensions was excited by 2-s pulses of the low-intensity measuring beam (<0.01 W m-') of the Chl fluorometer.
RESULTS
When spinach leaf discs that were excised from darkadapted tissue were placed in a totally darkened anaerobic environment, the Chl fluorescence yield increased dramatically ( Fig. 1 ). For the experiment depicted in Figure 1 the imposition of anaerobiosis resulted in a 340% increase in fluorescence yield (relative to the F,), which was approximately 75% of F, . The F, was determined by an 800-ms saturating flash of white light given to the dark-adapted tissue before anaerobic incubation. The fluorescence yield was measured every 10 min by brief exposure of the leaf disc to the weak, modulated measuring beam. Under the conditions established for these experiments the measuring beam had an energy fluence rate of only 0.007 W m-' (full sunlight corresponds to approximately 300 W m-' PAR).
During the course of these experiments it was soon realized that the methodology of fluorescence yield measurements had important consequences for both the magnitude and the kinetics of the observed fluorescence changes. For example, the results shown in Figure 2 were obtained by preincubating Changes in the Chl fluorescence yield of a dark-adapted (1.5 h) spinach leaf disc as a function of time in a totally darkened chamber that was constantly flushed with Nz. The fluorescence yield was monitored by manually switching the weak, modulated measuring light (7.4 mW m-') rapidly o n and off. The initial fluorescence yield (Fo), which was measured under aerobiosis at the beginning of the rneasurements, has been arbitrarily set to 100 units. The F, under darkened aerobiosis is unchanged during a same interval (data not shown). The development of the low-light Chl fluorescence induction phenomenon. Spinach leaf discs were incubated in a darkened anaerobic chamber for the indicated times before exposure to the weak, modulated measuring beam (7.4 mW m-'). Leaves were dark adapted for 1 h before determination of the initial F, . The F, is unchanged for discs maintained in darkened aerobic environment for the same interval (data not shown).
the leaf discs under anaerobic conditions for various periods of time and then exposing them to the weak, modulated measuring light. It was clear from these experiments that with increasing incubation times in NZ the tissue developed an enhanced sensitivity to the measuring light. It became possible to induce a kinetically complex fluorescence induction phenomena that consisted of a fast and slow increase, followed by a slow quenching. By monitoring the slow increase, we found that following anaerobic treatment the tissue was capable of responding to light levels as low as 400 pW-' (Fig. 3) . Fast recording of the initial fluorescence increase in the ms time range did not reveal kinetic differences between the control and the anaerobically treated samples (data not shown). The results shown in Figure 4 reveal that both short-term (30 min) anaerobic-dependent increases in fluorescence yield and increases mediated by the weak, modulated measuring light can be relaxed by a saturating flash of white light; note that the F, was unchanged following the i - Figure 4 . The effects of a saturating 800-ms flash of white light on the fluorescence yield of dark-adapted aerobically (A) and anaerobically (B) maintained spinach leaf discs. The leaf discs were dark adapted for 1 h before the measurement of initial F, and F,. These values were identical for the discs used in the experiment depicted in Figure 3 . The discs were then maintained for 60 min under the two above-noted gas regimens. In the case of the anaerobic sample, the weak, modulated measuring beam was then used to increase the fluorescence yield to an apparent low-light-induced maximum before exposure to the saturating white light flash.
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anaerobic treatment. However, under some circumstances it was observed that the F, was lowered by prolonged anaerobic treatment.
If the anaerobic increases in fluorescence yield represents a reduction of the quinone pool, one should be able to relax these increases with light that excites PSI. It was found that a11 of the anaerobic increases in fluorescence yield seen in these studies could be rapidly relaxed by far-red light treatment. Figure 5A shows the effects of weak far-red illumination on the fluorescence yield of anaerobically treated leaf discs. The rate of relaxation increased with increasing intensity of far-red illumination (data not shown). In some circumstances, following exposure to far-red light, the termination of the far-red illumination revealed the potential for subsequent increases in fluorescence yield. This could be due to the accumulation of some reductant during the anaerobic treatment whose pool was not depleted during the shortterm far-red light treatments. There were also, at least within the time frame of these experiments, percentage alterations in the F, levels. They generally remained at 5 to 10% above the values recorded before N2 flushing, even when the farred illumination was performed in an aerobic environment.
During the course of these experiments with far-red light it was also observed that the fluorescence yield increases could be relaxed by O2 (Fig. 5B) . It should be emphasized that this 02-dependent quenching could be accomplished even in the absence of the weak, modulated measuring beam. In this circumstance the measuring beam was rapidly switched on and off (to measure the fluorescence yield) only before and subsequent to the O2 exposure. The relaxation of fluorescence yield in the presence of O2 was complex and often exhibited multiphasic kinetics. In general, it was observed that there was a rapid decay in fluorescence immediately following the introduction of 02. This was often followed by a slow secondary increase and a slow quenching to a yield slightly in excess of the yield (F,) seen before the initiation of anaerobiosis.
In contrast to results with darkened leaves, isolated chloroplasts did not show an anaerobic-dependent increase in the Chl fluorescence yield (Fig. 6) . The isotonically maintained chloroplast suspensions, which contained catalase and Glc, were made anaerobic by the addition of Glc oxidase (a flavin-containing enzyme). When DTT was included the fluorescence yield slowly increased in the absence of O2 but not in its presence. A relatively fast increase in fluorescence yield was observed in the presence of the strong reductant dithionite.
DlSCUSSlON
Previous evidence has suggested that in various alga1 species the chloroplastic intersystem electron transport pathway can act as an intermediate in the flow of electrons to 0 2 (Goedheer, 1963; Bennoun, 1982;  Gfeller and Gibbs, 1985; Peltier et al., 1987;  for a recent review, see Scherer, 1990 ). This has been called chlororespiration (Bennoun, 1982) or the chloroplast respiratory system (Goedheer, 1963) . The functional significance of this pathway is believed to be associated with the need to reoxidize NADPH to sustain steady-state chloroplastic carbohydrate metabolism in the dark. This pathway has been considered to be confined . O, After a 20-min incubation, 3 mM DTT was added to the aerobic chloroplast suspension, which was made anaerobic after an additional 10-min incubation period. A, After a 30-min aerobic incubation period, Glc oxidase and 3 m M sodium dithionite were added to the chloroplast suspension.
primarily to the algae (James and Das, 1957; Godde and Trebst, 1980; Scherer, 1990) . However, regeneration of oxidized pyridine nucleotides is also necessary in darkened higher-plant chloroplasts. The data presented here support the concept of a chlororespiratory pathway in the higher plants. We have demonstrated that the quinone pool of intact leaves can be reduced in the dark under anaerobic conditions. This conclusion was based primarily on the observed anaerobic-dependent increases in Chl fluorescence yield and the ability to relax these changes with PSI light and 02. There is, of course, the question, why was the use of the anaerobic environment necessary to observe these changes? Certainly one possibility is that the reductant is synthesized only under anaerobic conditions or that the interaction between the reductant and the quinone pool is in some way facilitated by anaerobiosis. It is also possible that the endogenous quinone pool oxidant was inhibited or absent, allowing the quinone pool to become overreduced. Certainly the timedependent changes in the light sensitivity of the leaf tissue following anaerobic treatment could be interpreted as due to the accumulation of a reductant that could act as an electron donor for PSII under the influence of the weak red measuring light. However, there must also be a reductant that can interact directly with the quinone pool in the dark. We do not as yet know whether these are the same molecular species.
It is also likely that the changes in the redox state of the quinone pool were readily observable during the course of these experiments, because the quinone pool electron acceptor, 02, was absent. This is supported by the observation reported here that O2 can relax the anaerobic-dependent increases in fluorescence yield in the dark. Also, previous work has demonstrated the capacity of O2 to oxidize the reduced plastoquinone pool in the dark in both intact algae (Schreiber and Vidaver, 1974) and lysed chloroplasts from higher plants (Vernotte et al., 1979) . O2 is known to play an important regulatory role in photosynthetic electron transport by poising the electron transport chain (Arnon and Chain, 1975, 1979) . However, this is usually envisioned as a lightdependent event associated with oxygenic reduction by PSI in the Mehler reaction (Ziem-Hanck and Heber, 1980) or by O2 reduction during photorespiration (Wu et al., 1991) . The observation reported here of a rapid reoxidation of the reduced primary quinone acceptor for PSII in complete darkness and the previous work with alga1 systems (Diner and Mauzerall, 1973; Diner, 1974; Peltier et al., 1987) provides clear evidence for an additional regulatory role for O2 between PSI and PSII. This pathway appears to be present in a11 photosynthetic eukaryotes and functions, at least in part, to maintain the highly oxidized state of the primary quinone acceptor for PSII seen in dark-adapted leaves. The extent to which O2 interacts directly with the quinone pool during steady-state photosynthesis is unknown.
Another question that needs to be addressed is the nature of the reductant. There are severa1 potential sources of reducing equivalents in a darkened chloroplast such as ascorbate, GSH, and reduced pyridine nucleotides (Foyer, 1984) . However, as discussed earlier, reduced pyridine nucleotides, generated as a consequence of starch metabolism, are considered to be the source of reducing equivalents for the chlororespiratory pathway. However, in isolated intact chloroplasts in which Glc-6-P dehydrogenase is activated in the dark, no increase in Chl fluorescence yield was observed under anaerobic conditions. Possibly the imposition of anaerobiosis in some way inhibits dark carbohydrate metabolism in the isolated chloroplast. Another explanation may be that the in vivo source of the reductant is extrachloroplastic. In darkened leaves, mitochondrial oxidation supplies, in the presence of O*, most of the ATP needed for the maintenance of cellular functions. The cytosolic NADP system is largely reduced not only in the light but also in the dark (Heber and Santarius, 1965) . However, the cytosolic NAD system is oxidized (Heineke et al., 199 1) . Under anaerobic conditions, mitochondrial respiration is blocked and, as a consequence, not only the mitochondrial but also the cytosolic NAD systems become reduced. Reduction would extend to a11 metabolites connected to the NAD system, which certainly could involve the chloroplast, because cytosolic and chloroplast metabolism is linked by metabolite shuttles (Heber and Heldt, 1981; Flügge and Heldt, 1991) .
We report here that the fluorescence yield of isolated intact chloroplasts remained constant in the dark in the absence of added reductants (Fig. 6 ) and that it increased in the presence of DTT and, more dramatically, of dithionite. This may be considered as a model situation that is capable of explaining the in vivo observations. In the leaf, blockage of respiration increased reduction not only in the mitochondria and cytosol but finally also in the chloroplast, causing Chl fluorescence to increase. Anaerobic increases in fluorescence yield are rapidly collapsed by 02. In principle, this collapse could be caused by a reversal of the reactions that caused the fluorescence to increase. However, the rapid kinetics of 02-depend-
